Summary
Introduction
It is generally held that the local symptoms of pain and fatigue during physical exercise in patients with intermittent claudication are due primarily to an inadequate supply of blood and oxygen to the contracting muscles. This view has received support from measurements of local muscle circulation, by means of isotope clearance methods (Lassen & Kampp, 1965) , as well as from indirect observations such as augmented arteriovenous differences for oxygen and lactate across the exercising leg (Carlson & Pernow, 1962; Pernow & Zetterquist, 1968) . However, direct determinations of total leg blood flow have yielded divergent results. With the use of an indicator infusion technique (Shillingford, Bruce & Gabe, 1962), a reduced maximal leg blood flow could be demonstrated in patients with severely ischaemic limbs (Pentecost, 1964) . In contrast, in a study of a comparable patient group by the thermodilution technique (Ganz, Hlavovb, FronEk, Linhart & PrErovskf, 1964) , a linear relationship between leg blood flow and work load, similar to that seen in healthy subjects, was demonstrable (Hlavova, Linhart, PrErovskf, Ganz & FronEk, 1965) .
In the present study, the relationship between blood flow of the leg and the degree of functional impairment in patients with intermittent claudication was examined before and after reconstructive vascular surgery. Moreover, no data are available with regard to the concentrations of phosphagens and glycolytic metabolites in muscle tissue for this patient group. Because an inadequate supply of blood and oxygen to the exercising muscle would be expected to influence the amounts of ATP, creatine phosphate and lactate significantly, the concentrations of these substances were examined in muscle biopsy samples obtained from the quadriceps muscle before and at the appearance of muscular pain and fatigue during exercise.
A preliminary report of part of this work was presented at the International Symposium on 'Peripheral blood flow, blood pressure, and metabolism in occlusive arterial disease', Copenhagen, 1972 (Pernow, Saltin, Wahren & Cronestrand, 1973 ).
Methods

Subjects
Thirteen male patients with obliterative arterial disease of the leg were studied. The mean age was 56 years (range 46-65 years) and mean body weight was 104 (range 81-121) % of the ideal. The walking distance on an even level did not exceed 100 m and was limited by pains of the thigh and calf. No patient showed signs of congestive heart failure or any coexistent disease and none took any drug regularly. The occlusions were localized to the iliac arteries in eight patients; one of the others had isolated occlusions of the superficial femoral artery and in the remaining four both the iliac artery and the superficial femoral artery were involved. In all cases the occlusions were complete or almost complete as visualized by arteriography.
An open thrombendarterectomy of the iliac artery was performed in eight patients. In one of the others, a femoro-popliteal vein bypass was established with an autologous saphenous vein and four had a combination of iliac thrombendarterectomy and a femoro-popliteal vein bypass.
The results for the patients were compared with data obtained under similar exercise conditions in seven healthy males. Their mean age was 54 years (range 52-59 years) and mean body weight was 105 (range 95-1 18) "/, of the ideal. Dztails of our findings in normal subjects have been published Wahren, Saltin, Jorfeldt & Pernow, 1974) . The subjects were all well trained and thus the control group provides only a relative comparison for the patients.
All subjects were informed of the nature of the study and the possible risks involved, before giving their consent to participate.
Procedures
The studies were performed in the morning after an overnight fast. Three Teflon catheters were inserted percutaneously into the femoral vein of the most diseased leg in the patients and of the left leg of the control subjects. Two of these catheters were placed with the tips just proximal to the inguinal ligament and 1-2 cm apart. The third catheter was introduced distally into the vein, the tip being positioned 15-20 cm distal to the inguinal ligament. The position of the latter catheter was checked by fluoroscopy. One catheter was placed in the femoral vein of the contralateral leg just proximal to the inguinal ligament. This catheter was used for analyses of recirculating dye. Finally a catheter was inserted into the left brachial artery.
The exercise was performed with both legs on a bicycle ergometer (Siemens-Elema, Stockholm, Sweden) in the sitting position. It started at a load of 17 W and increased after about 7 min to 35 W and, if possible, to 70 and 100 W. The bicycle used in the study was equipped with specially designed pedals. The pressure applied on each pedal during bicycling could be evaluated from strain-gauges connected to a measuring bridge (PT 1200/01, Philips). The pressure on the pedals was monitored during exercise and the patients were asked to adjust the force applied by each leg in order to achieve equal work for both legs. In spite of this, mild to moderate degrees of skewness in the application of pressure to the pedals could not be avoided. This was the case particularly at the heavier work loads when fatigue and pain of the thigh muscles developed. In all patients the smaller force was exerted by the studied leg. All patients were familiarized with the exercise procedure in a similar test several days earlier. The patients continued the exercise until they had to stop owing to severe pain in the thigh.
In the postoperative study the exercise test was repeated in exactly the same manner. An identical procedure was used for the control subjects, who worked at 17, 35, 70 and 100 W, after which the load was increased by steps of 50 W until exhaustion.
Expired air was collected at rest and between the fourth and fifth minutes on each load for determination of pulmonary oxygen uptake. Indocyanine Green dye (Cardio-Green, Hynson Westcott and Dunning, Baltimore, U.S.A.) was infused through the distal femoral venous catheter at rest and between the fifth and seventh minutes on each load for the determination of leg blood flow as described by Wahren & Jorfeldt (1973) , with details of the validity and reproducibility of the dye-dilution technique. Blood samples were drawn from the arterial and one proximal femoral venous catheter at rest in the supine and sitting positions as well as at the end of each work period for analyses of oxygen, glucose and lactate. Muscle samples were taken from the lateral portion of quadriceps femoris by the needle-biopsy technique (Bergstrom, 1962) . The muscle samples were frozen within 5 s in liquid nitrogen and stored at -80°C until analysed. The biopsies were obtained at rest, before exercise and during a brief interruption of work ( < 10 s) with the subject still sitting on the bicycle.
Expired air was collected in Douglas bags and analysed by the Scholander microtechnique. Oxygen content of blood was calculated from spectrophotometric determinations of oxygen saturation (Holmgren & Pernow, 1959) and haemoglobin concentration (Drabkin & Austin, 1935) . Glucose (Huggett & Nixon, 1957) and lactate (Wahren, 1966) were analysed in whole blood with enzymatic techniques. Indocyanine Green dye in plasma was measured spectrophotometrically in serum samples (Wahren, 1966) . Leg uptake of oxygen and glucose and release of lactate were calculated as the product of leg blood flow and arteriovenous difference (brachial arteryfemoral vein blood). Muscle samples were weighed at -25°C and analysed for ATP, creatine phosphate, glycogen, glucose, glucose 6-phosphate and lactate as described earlier (Karlsson, Diamant & Saltin, 1970) , where the error of the methods is also given.
Standard statistical procedures were used (Snedecor, 1956 ). Data in the text and tables are given as mean SE.
Results
Preoperative study (Tables 1 and 2) Physical working capacity, heart rate andpulmonary oxygen uptake. During exercise, fatigue and pain of the thigh and/or calf were elicited in all patients. The highest tolerable work load varied between 17 and 100 W (mean 65), resulting in a heart rate of 82-177 beatslmin (mean 137). Heart rate and pulmonary oxygen uptake were significantly higher in the patients than in the control subjects during exercise.
Leg blood flow. This ( Fig. 1 ) was significantly lower in the patients, both at rest and during exercise. In most patients, the leg blood flow levelled with increasing work load whereas for the control subjects there was a linear relation between leg blood flow and pulmonary oxygen uptake at comparable work loads.
Leg oxygen uptake. The arteriovenous oxygen difference (Fig. 2) in the patients was significantly higher than in the control subjects at rest as well as during exercise at all work loads. Calculated leg oxygen uptake ( Fig. 3 ) was generally lower in the patients, though the difference was significant only at the highest work load.
Glucose uptake. The arteriovenous glucose difference and calculated glucose uptake during exercise were somewhat higher in the patients than the control subjects at all loads but the difference was significant only for the arteriovenous glucose difference.
Lactate release. Arterial lactate concentration, arteriovenous lactate difference and calculated net release of lactate increased markedly even at low work loads in the patients and differed significantly from the corresponding control data at work loads of 35 Wand higher. The values for the patients at the end of work were somewhat lower than those for the control subjects at exhaustion.
Muscle metabolites. The muscle concentration of ATP was significantly lower in the patients than in the control subjects both at rest and after identical work loads. No difference in creatine phosphate was found at rest; during exercise creatine phosphate decreased to values which were significantly lower in the patients (Fig. 4) . Comparisons of these muscle metabolites at the maximal work intensities for the patients and control subjects respectively showed no differences in ATP and creatine phosphate. Muscle glycogen was normal at rest and decreased similarly in the two groups at identical loads. In general, the ranges for ATP, creatine phosphate and glycogen values were wider in the patient group both at rest and during exercise.
The concentration of free glucose in muscle tissue was similar to that of control subjects at rest and increased normally during work, whereas the rise in glucose 6-phosphate during work was more marked 
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in the patients than the control subjects. The muscle concentration of lactate was also normal at rest, but even at low work loads it increased very markedly in all patients, differing significantly from the small increase observed in the control subjects at comparable work intensities. The maximal values obtained in the patients were, however, no higher than those found in the control group at exhaustion.
Postoperative study (Tables 1 and 3) An identical study of eleven of the patients was undertaken 3-6 months after reconstructive surgery. The highest tolerable work load, as measured on the bicycle ergometer, showed a significant increase to 70-140 W (mean 94). The total amount of work performed increased by 75% from 655f109 W preoperatively to 1152 f 93 W postoperatively (P < 0.001). Postoperatively work performance was limited mainly by fatigue in the leg and dyspnoea; there was seldom pain in the exercising muscle. No difference was found pre-and post-operatively in heart rate and pulmonary oxygen uptake at comparable submaximal work loads. The maximal heart rate achieved during exercise was, however, significantly higher after surgery (1 38-175 beatslmin, mean 153) than before (82-177 beatslmin, mean 137;
Leg bloodflow. At rest this was the same pre-and post-operatively (Fig. 1) . During exercise, blood flow was higher at all loads postoperatively, the difference from the preoperative values being highly significant for all the loads combined. After the operation, all patients displayed a linear increase in leg blood flow in relation to work intensity, in contrast to the preoperative levelling as the work load increased.
Leg oxygen uptake. At rest there was no difference between the pre-and post-operative studies in arteriovenous oxygen difference or calculated leg oxygen uptake. During exercise the oxygen difference was significantly lower postoperatively when calculated on all loads. The postoperative leg oxygen uptake increased linearly in relation to work intensity in all but two patients and differed significantly from the preoperative values at 35 W (Fig. 3) .
Lactate release. Arterial lactate concentration, arteriovenous lactate difference and calculated leg muscle production of lactate were the same pre-and post-operatively at rest. During exercise the increases in all the variables examined were significantly smaller after the operation than before.
Muscle metabolites. These were analysed before and after surgery in six patients. No significant differences were found in the resting values. Immediately after exercise of identical intensity there was no difference between pre-and post-operative values for ATP, although creatine phosphate decreased significantly less postoperatively (Fig. 4) . The lactate concentration at the end of exercise was also significantly lower after the operation. observed a linear relation between leg blood flow and work intensity in all patients regardless of the degree of muscle ischaemia during exercise. In the present study, leg blood flow increased linearly in most patients only at very low work loads, whereas a much smaller or almost no further rise in blood flow occurred at higher work loads and local symptoms of ischaemia appeared. For several reasons, however, one may not be justified in making direct comparisons between these studies. The patients chosen for the present investigation had their arterial occlusions confined to the proximal part of the leg, whereas those studied by Pentecost (1964) and Hlavovi et al. (1965) included some with occlusions of the distal femoral artery. Furthermore, the data reported for reaction of heart rate to work indicate that the exercise was driven to higher intensities in our study. Although the actual work output by the diseased leg could not be determined with precision, owing to the skewness in the application of force to the pedals, the progressive rise in arteriovenous oxygen difference during exercise suggests that the oxygen requirement of the exercising muscle rose also during work at the higher work loads. Thus the plateau observed for leg blood flow during exercise quite possibly represents the maximal blood flow attainable with regard to the mechanical obstruction of the leg arteries. The current findings for leg blood flow are in agreement with results obtained previously in a smaller group of similar patients (Wahren, Cronestrand & Juhlin-Dannfelt, 1973) . When the studies were repeated after reconstructive surgery, the response of leg blood flow and oxygen uptake to exercise had returned to normal in most patients. Consequently the patients also showed a linear relationship between blood flow and work intensity at submaximal loads.
The method used for the estimation of leg blood flow involves the infusion of dye (distally) and the collection of blood samples (proximally) in the venous system of the leg. This technique has the advantage of avoiding the puncture or catheterization of an arteriosclerotic artery. Themeasured blood flow is that of the external iliac vein and will thus include collateral arterial inflow to the leg, which is of importance since all patients had complete occlusion of the affected arteries and some had a collateral network in the thigh (visualized by arteriography). The indicator dilution procedure requires a uniform dispersion of the dye before the blood reaches the sampling site proximally in the femoral vein. The only cases accepted for analysis were those in which the difference in the concentration of dye in blood samples from the two levels of the proximal femoral vein did not exceed the analytical error inherent in the determination of dye concentration (0.17 mg/l).
Previous studies have demonstrated the importance of blood glucose as a substrate for exercising muscle in normal man (Wahren, Felig, Ahlborg & Jorfeldt, 1971) . In the present study the arteriovenous difference for glucose during exercise was significantly larger in the patients than in the control subjects. However, the calculated uptake of glucose in the patient group was only slightly greater or similar at the different work loads in relation to control subjects as a consequence of the differences in leg blood flow. In addition, the decrease in muscle glycogen in relation to work intensity was of the same order of magnitude in both groups, suggesting that the rate of carbohydrate utilization by muscle during exercise was similar in patients and control subjects.
The marked increase in muscle and blood lactate concentration seen even at very low work intensities in the patients indicates that in the patients a larger fraction of the pyruvate produced in the muscle was reduced to lactate instead of being oxidized in the Krebs cycle. When the patients were restudied after reconstructive surgery, both glucose uptake and glycogen depletion during exercise were found to be the same as preoperatively. However, the concentration of lactate in the muscle and the lactate release during exercise were both significantly lower, which indicates a more efficient utilization of the carbohydrates due to an improved delivery of oxygen to the muscles. As will be seen from Fig. 5 , there was a wide variation preoperatively among the patients in the relation between the release of lactate from the exercising muscles and the muscle concentrations of lactate. In general, the lactate gradient between blood and muscle was larger than in the control subjects. After reconstructive surgery, the relation had become normal. These observations seem to indicate that the capacity for transporting lactate from muscle to blood is limited and depends on the blood flow through the exercising muscles.
The onset of severe muscle symptoms at the end of exercise in patients with occlusive arterial disease of the leg may tentatively be related to the profound changes in the muscle phosphagens observed during work. The almost total depletion of creatine phosphate at the end of work in three of the patients in this group has never been recorded in normal subjects, even after exhaustive exercise (Karlsson et al., 1970; Saltin et al., 1974) . The ATP concentrations at the end of work were also extremely low and a further depletion would be unlikely to occur. Considering the rapidity of ATP resynthesis, some ATP may possibly have been formed in the few seconds which elapsed between the muscle biopsy and freezing of the material. Furthermore, the amount of ATP measured in the biopsy specimen may mainly be localized to the mitochondria, which is the site for most of the synthesis of ATP in the muscle (Lehninger, 1964; McGilvery, 1975) . Since the transport of ATP over the mitochondria1 membrane to the cytoplasm (its site of utilization) is rather slow, the cytoplasmic concentration of ATP during exercise may be much lower than the amount found in the whole muscle cell. On the other hand, in patients with intermittent claudication the relative role of ATP production from glycolysis may be quite large.
